Derivatives of 2,4-dioxo-5-benzylidene-3-thiazolidineacetamide were prepared and the fungicidal and the bactericidal activities of twenty-three related compounds were examined. In vitro tests at a concentration of 10 mg/l, some derivatives showed moderate or considerable inhibition against Pyricularia oryzae (P. oryzae), Rhizoctonia solani (R. solani), and Septoria tritici, but only modest activity against Botrytis cinerea and Burkhorderia gluma. The activity of a few compounds was enhanced by co-application of salicyl hydroxymate (SHAM), which is known to potentiate the fungicidal activity of strobilurins. In pot tests at a concentration of 500 mg/l, some compounds showed appreciable activity against rice blast, late blight on tomatoes, downy mildew on cucumbers, or leaf rust on wheat. Of these compounds N, N-dimethyl-2,4-dioxo-5-benzyl-3-thiazolidineacetamide completely removed the downy mildew. Most of them showed only modest activity against gray mold on cucumbers.
Introduction
It has been shown that fungicides and bactericides can be classified into forty six groups according to their modes of action. 1) However, many fungicides are only available in a restricted number of regions and for certain crops because they are not registered everywhere or because the market for them is small, and so only a few modes of action dominate the fungicide market. 1) With this in mind, fungicides that target a common fungi biochemical process would be likely to become widely available. Epalrestat is a diabetic mellitus medicine affecting aldose reductase, the first enzyme of the polyol pathway that catalyses the NADPH-dependent reduction of glucose to sorbitol.
2) Recently 2,4-dioxo-5-phenylmethylene-3-thiazolidineacetic acid (cf. compound 1 in Fig.  1 , in which the phenylbutadienyl group of epalrestat at the 5th position is replaced with an arylidene), was reported to display a potent pharmaceutical action. 3) We have investigated the biochemical processes inhibited by this diabetic medicine because its primary process may also affect other organisms. Thus, we have decided to take up the arylidene derivative as the first substance in a study considering the chemical and photochemical stability of its skeleton and have investigated its fungicidal and bactericidal activity. This paper describes the activity of known 2,4-thiazolidinediones and related novel derivatives against various plant pathogens.
Materials and Methods

Chemicals
All melting points (mp) are uncorrected. IR spectra were measured with a Perkin Elmer FTIR 1600 spectrometer. NMR spectra were obtained with a Varian Gemini 2000 C/H (400 MHz). Chemical shifts were recorded in d (ppm) and the coupling constant in Hz. Mass spectra were recorded with a JEOL JMS-700. Compounds 1-6 were prepared according to the published procedures 3, 4) . The new compounds were prepared according to the schemes in Fig. 2 and the structures were identified spectroscopically (Tables 1-3 ).
Procedure A N-Methyl-2,4-dioxo-5-phenylmethylene-3-thiazolidineacetamide (8)
A solution of 1 4) (263 mg, 1 mol) in dichloromethane (5 ml) was treated with thionyl chloride (3 ml), and the reaction mixture was stirred at room temperature for 1 hr before ca. 20 mg of DMF was added. The mixture became homogeneous after 5-6 hr. The resultant solution was slowly added to an ice-cold aq. 40% methylamine solution (10 ml). The mixture was stirred in an ice-water bath for 10 hr. The solvents were dis-tilled off and the residual solid was crystallized from water and filtered. The product was obtained by recrystallization of the collected solid from ethanol. Yield: 223 mg (81% 276.0545. Compound 7 was prepared according to this procedure using ammonia in place of methylamine solution.
Procedure B N-{1-[2,4-Dioxo-5-(3-phenoxyphenylmethylene)-3-thiazolidinyl]acetyl}piperidine (18) A solution of 3
3) (355 mg, 1.0 mmol) in chloroform (10 ml) was treated with thionyl chloride (2 ml), and the reaction mixture was stirred at room temperature for 1 hr before ca. 20 mg of DMF was added. The mixture was then stirred at 50-60C°f or 5-6 hr. The resultant solution was slowly added to an icecold piperidine solution (75 mg, 0.88 mmol) with triethylamine (202 mg, 2 mmol) in chloroform (20 ml), and the stirring was continued at ambient temperature for 10 hrs. The reaction mixture was poured into ice water, and then the organic phase was washed successively with 1% aq. HCl, water, 1% aq. NaOH, and water before being dried over MgSO 4 4 cells/ml) was prepared. Each test compound in DMSO (1 mg/ml) was diluted with these mediums to a concentration of 10 mg/l. One hundred microliters of test solution was added to a 96-well microtiter plate and the treated plate was incubated at 25°C for P. oryzae, B. cinerea, R. solani, and S. tritici, and at 30°C for B. gluma. The growth inhibition was evaluated by measuring the OD600 using a microplate reader (Biorad) after 1 day of incubation for B. gluma; 3 days for P. oryzae, B. cinerea, and R. solani; and 7 days for S. tritici. The inhibition rates are given as percentages in Table 4 .
Salicyl hydroxymate (SHAM) test
The SHAM test was carried out to evaluate the inhibitory activity of each compound against the electron transport chain in P. oryzae and R. solani. One microliter of SHAM solution in DMSO (100 mM) was diluted with the test solution described in 2.1.1 to a concentration of 1 mM. The growth inhibition rates are given as percentages in Table 5 .
Fungicidal assay by foliar spraying on pot
The fungicidal activities of the various test compounds on rice blast, tomato late blight, downy mildew, cucumber gray mold, and wheat leaf rust were tested. A solution containing 500 mg/l of test compound, 10% (v/v) of acetone, and 60 mg/l of surfactant (Gramin ® -S, Sankyo) was sprayed onto plastic pots containing rice (Koshihikari), cucumbers (SHARP 1), tomatoes (Fukuzyu-2 gou), or wheat (Norin-61 gou) in fertilized soil. After air-drying, the plants were inoculated with the conidial solutions of P. oryzae, P. infestans, Pseudoper- Vol. 33, No. 4, 357-363 (2008) Fungicidal thiazolidinedione 359 onospora cubensis, B. cinerea, and Puccinia reconditq to induce rice blast, late blight, downy mildew, gray mold, and leaf rust, respectively. The inoculated plants were incubated in a high-humidity incubator at 20°C for the gray mold, late blight, and downy mildew, and at 25°C for the rice blast and leaf rust. The damage rates were evaluated for the gray mold and late blight after 4 days of incubation, and after 7 days for the rice blast and downy mildew. The evaluation was carried out for leaf rust after the inoculated plants were first incubated in a high-humidity incubator for 1 day, and then in a greenhouse at 25°C for 10 days. The control indexes were ranked from zero to 5 according to the diseased leaf area (DA) percentage as follows Rank: 0 1 2 3 4 5 DA(%): ϳ0 Ͻ20 Ն20-Ͻ40 Ն40-Ͻ60 Ն60-Ͻ80 Ն80 The results are shown in Table 6 .
Results and Discussion
Bruno et al. reported that the inhibitory effect of 2,4-dioxo-5-arylidenethiazolidine-3-acetic acids on bovine lens aldose reductase reached micro molar levels in vitro.
3) Discouragingly, however, the efficacies of compounds 1-3 against the tested pathogens were almost nil in cases of using a 10 ppm (Լ38 mM) treatment (Table 4 ). The esterification of compounds 4-6 resulted in a moderate fungicidal action of 60 to 90% control of S. tritici, which may be due to the increased lipophilicity. The activity was not observed in the benzylidene acetamides (7-9). Interestingly, however, the introduction of a chlorine atom or a methoxy group to the benzylidenyl phenyl ring of compound 9 produced significant fungicidal results (10-12). These compounds displayed good to high efficacy against the Rhizoctonia, and bactericidal activity on the Burkhorderia. Although most modifications of the amide part led to only modest activity enhancement, as shown by compounds 13-15, a piperidine derivative (16) produced high septicidal activity. Interestingly, the 3-phenoxy substituent on the phenyl ring (compounds 18 and 19) had no activity against Septoria fungus, but an increasing effect on P. phenyl group (compounds 13, 14 and 17) or a benzyl to the acetamidyl N-atom or annelation of the amide moiety (compounds 21 and 22) tended to reduce the activity against the fungi. Replacement of the benzylidene with a benzyl group (compound 23) did not enhance the inhibitory effect, either. Strobilurins perform their fungicidal effects by blocking the electron flow in the mitochondrial respiration system, and the existence of a strobilurin-insensitive terminal oxidase in this complex system that allows flowing electrons through a bypass allows the fungi to grow. 6) Salicylhydroxyamic acid (SHAM) is an inhibitor of this terminal oxidase, and there are several lines of evidence that suggest that fungicides with SHAM added to them potentiate strobilurin activity in vitro. [6] [7] [8] [9] We noticed a thiazolidine-dione bearing a motif (OϭC-N-CϭO) common to strobilurin famoxadone (Fig. 3) , thus we attempted to clarify whether SHAM can exhibit a similar effect on the compounds in this study (Table 5 ). In fact, the growth inhibition rate for both P. oryzae and R. solani of compound 14 was enhanced almost to the level of metconazole by mixing it with SHAM. Furthermore, SHAMtreated compound 5 inhibited the growth of R. solani, and compound 15 had its efficacy elevated from 11 to 40%. This effect of SHAM is probably due to the common moiety of these compounds, but a question remains as to why only these molecules among the tested ones exhibited this effect.
The fungicidal results from the pot tests are given in Table  6 . The morpholino derivative (20) controlled the blast disease on rice effectively, which is consistent with the in vitro result. Also, the N-methylanilide derivative (17) attained a good score. The other tested compounds gave lower efficacy against rice blast then compounds 17 and 20. For the late blight on the tomatoes, compounds 14, 16, 20, and 23 showed an appreciable effect, and the efficacies of compounds 2, 3, and 7 were considerable. The complete control obtained by a benzyl derivative (23) and the good activity shown by morpholino thiazolidinedione (20) against the downy mildew on cucumber and the phytophthora is worth noting, considering that both diseases are caused by the same class of pathogen (oomycetes). These compounds may serve as a starting point for the development of fungicides against oomycetes. Interestingly, compounds 1-3, 7, 9, 10, 14-18, 21, and 22 were effective against either late blight or downy mildew.
Compound 9 controlled the leaf rust on wheat well. The acetic acid derivative (3) and the tetrahydroquinoline derivative (22), which hardly displayed any fungicidal effects in vitro, controlled the leaf rust significantly. It is a reminder that in vitro fungicidal potency is not always reflected in vivo. For the Botrytis disease on cucumbers, no compounds of this type produced a notable effect except compound 17. None of the presented compounds surpassed the standard products in the fungicidal and bactericidal tests, but some compounds showed an apparent fungicidal tendency. We had started this work by referring to a pharmaceutical substance which is known as an aldose reductase inhibitor. However, now that the SHAM test suggested a possible respiration inhibitory action for some compounds, we are devising molecules by switching our viewpoint from the structure of the diabetic mellitus medicine to the OϭC-N-CϭO motif of strobilurin.
